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Theoretlcal Investigation of the Absorption and Scattering

Characteristics of Small Particles

SUMMARY

A theoretical investigation was conducted to determine the absorption,
scattering, and extinction characteristlics of small solid spherical particles which
might be employed a&s seeding agents to control radiant heat transfer in gaseous
nuclear rocket englnes., The calculations were made using the Mie theory to deter-
mine the effect of particle size, wavelength, and particle temperature on particle
opacity in those regions of the ultraviolet, visible, and infrared spectra for
which complex index of refraction information was available, The following mate-
rials were considered: aluminum, carbon, cobalt, iridium, molybdenum, niobium,
palladium, platinum, rhenium, rhodium, silicon, tantalum, titanium, tungsten, and

vanadium.




INTRODUCTION

The absorption and scattering of electromagnetic radiation by small (O.OlFL
to 1.0 u radii) liquid or solid particles 1s of fundamental interest as well as
being of interest in numerous practlical radiation heat transfer problems involving
advanced rocket concepts. For example, in various gaseous core nuclear rocket
concepts (such as the concept of Ref. l), energy is generated by nuclear fission in
a central plasma core and transferred by thermgl radiation to a surrounding pro-
pellant such as hydrogen. The propellant must be sufficiently opaque to permit ab-
sorption of this energy in the thrust chamber and to prevent damage of the rocket
walls by excessive radiative heat transfer., However, hydrogen below a temperature
of approximately 6000 K (10,800 R) at high pressure (1000 atm) is essentially
transparent to thermal radiation (Ref. 2); thus, the need for "seeding" hydrogen
propellant with opaque materials is evident at temperatures up to about 6000 K.
Additional propellant opacity might be cobtained by the addition to hydrogen of high
melting- and boiling-point temperature solids or liquids in the form of small par-
ticles,

The spectral opacity characteristics of small solid carbon, hafnium carbide,
aluminum oxide and tungsten particles dispersed in water (Ref. 3) and of small
solid carbon and tungsten particles dispersed in nitrogen and helium (Ref. 4) have
been experimentally measured, In addition, experiments have been conducted to
determine the amount of energy which can be transferred by thermsl radistion from a
.plasma heated by an electric arc to air seeded with carbon particles (Ref. 5). To
date, however, no extensive theoretical analysis of the opacity of small absorbing
particles for use as possible propellant seeding agents in the gaseous core nuclear
rocket concept has been made. Such opacity calculations are required in order to
permit the calculation of the radiative transfer of thermel energy to and through
the seeded hydrogen propellant regionm,

The primary objective of the work described herein was the calculation of the
theoretical extinction, absorption and scattering parameters of smell particles
using the Mie theory of Ref. 6.



1.

CONCLUSIONS

There 1s no significant difference in the opacity of tungsten, rhenium

and tantalum particles at a wavelength of 0.579 u . (These three materials,
of the fifteen materials investigated in this report, are of greatest in-
terest for use as particle seeds in gaseous nuclear rocket engines because
of thelr high boiling points (5565 to 5915 K or 10,017 to 10,647 R), high
melting points (3270 to 3650 K or 5886 to 6570 R), and lack of reactivity
with hydrogen).

Molybdenum, niocbium, and iridium provide approximately the same opacity
as tungsten, rhenium, and tantalum, but have melting points and boiling
points approximately 500 K lower than those for tungsten, rhenium and
tantalum,

Particles made of graphite and silicon have higher opacities than those
made from any other materials investigated. However, these materials are
not practical for use as seeds in gaseous nuclear rockets because carbon
reacts readily with hydrogen and because silicon melts and boils at rela-
tively low temperatures (1683 and 2890 K, respectively).

The opacity of solid tungsten particles is approximstely independent of
temperature.

The opacity of a particle per unit mass is gpproximately inversely pro-
portional to the mass density of the particle or the atomic weight of the
particle material,



EXTINCTION OF RADTATION BY SMALL PARTICLES

A pencll of electromagnetic radiation incident upon a materlal 1s, in general,
attenuated; the totality of processes by which attenuation occurs being termed ex-
tinction (Refs. 7 and 8)., In the present study, extinction is considered to consist
of two processes, absorption and scattering, When the vibrating electromagnetic
fleld of the incident beam impinges on the material, the electric charges within
the body are forced to oscillate, The oscillatlions, however, are not strictly har-
monic but are subject to resistive forces which dissipate a part of the incident
energy in some other form such as heat. The dissipated energy no longer appears in
the incident beam and 1s said to be absorbed, Those charges near the surface of
the material rersdiate a part of the energy which give rilse to a reflected beam gt
some angle to the incident beam. Because the velocity of propagation of the energy
within the medium is different from that in the surroundings,the incldent beam is
refracted (changes direction). TFor sufficiently small particles of material dif-
fraction effects are also evidenced, The combinatlon of reflection, refraction and
diffraction give rise to scattered radiation,

The fractional decrease in the incident beam, I/I,, due to absorption and
scattering in a length, L , of material is given by:

1/10= exp [—L_(oh + og)Ni] (l)

where Io is the incident intensity; I , the intensity after the beam traverses a
length, L , of material; oy, the absorption cross-section ;3 og¢ the scattering
cross-section; and N{, the number of absorbing and scattering centers,

The absorption and scattering cross-sections, o3 and oy , are complex func-
tions of the particle size, the wavelength of the radiation, and the refractive in-
dex of the particle (the refractive index is usually wavelength dependent), In
genersl, the refractive index, N , may be mathematically expressed as:

N=n-ik (2)

where n 1s the real part of the refractive index and k is the imaginary part.
For bulk materials k is proportional to the absorption cross-section. In trans-
parent materials k and hence 0o, are zero and no absorption occurs, The inten-
sities of reflected and refracted waves are proportional to INI? , thus scattering
tekes place to some extent for both absorbing and non-absorbing materials.

The extinction of radiation by smsll solid particles embedded in a continuous
matrix may be analyzed by the solution of Maxwell's electromagnetic equations with



adequate boundary conditions included. The general solution of the case of a plane
wave incident upon a homogeneous sphere of refractive index N; in a medium of re-
fractive index N, was formally solved by Mie (Ref, 6). Since excellent treatments
of the Mie solution are avallable in recent literature (Refs. 9 and 10) a complete
derivation will not be included in the present report, The basic Mie equations,
and a transformation of these equations to a form suitable for machine calculations
by the method of Ref, 11, are presented in detall in Appendix I,

The transformed Mie equations were programmed for an IBM 709k Computer., The
machine program was used to evaluate analytically the effect of wavelength of the
incident radiation, particle size (radius) and, where sufficlent data were availa-
ble, temperature, on the opacity parameters of small spherically symmetrical con-
densed systems, All particles were assumed to be embedded in a homogeneous matrix
having a refractive index of unity.

In order to assess the machine program reliability, numercus preliminary cal-
culations were performed for known cases., Results of a typicel test calculation
are illustrated in Fig, 1, in which the extinction efficlency factor, Qe , is
plotted against the size parameter, @ . The efficiency factor, Qg , is the ratio
of the extinction cross-section in cmg/particle to the projected geometrical area
of a sphere of radius R (area.=7rR2). The size parameter a is proportional to the
ratio of the particle radius to the wavelength of the incident light (see Appendix
I). Also indicated (circled points) are the theoretical magnitude of Qg at vari-
ous values of a as reported in Refs, 12 and 13. The agreement between the values
of Qe reported in Refs. 12 and 13 and UACRL calculations is quite satisfactory.

MATERIAL PROPERTTES

The principal properties to be considered in selecting prospective materials,
either elemental or in compound form, as posslble seeding agents are: non-
reactivity with high-temperature hydrogen; high melting- or boiling-point tem-
perature; and high opacity per unit mass. An analysis of the compatibility of the
various high-melting-temperature, high-boiling-temperature elements and compounds
with hot hydrogen is given in Ref. 1l., The results of the analysis of titanium and
zirconium carbides, nitrides, and oxides described in Ref. 14 indicate that com-
pounds offer relatively little advantage with respect to useful tempersture range
over the elemental metals in the presence of hydrogen. As a consequence, initial
selection of possible seeding agents was restricted in the present study to the
chemical elements (tungsten, carbon, etc,) subject to the availlsbility of requisite
refractive index data.

Figure 2 summarizes the melting- and boiling-point temperatures for the vari-
ous elements as reported in Refs. 15 and 16, The effect of temperature on the



welght percentage of typlcal elements in condensed states (solid and liquid) from
Ref, 14 is illustrated in Fig, 3.

Because of the lack of requisite refractive index data required in the Mie
analysis, a number of excellent high-temperature materials (e.g., hafnium and os-
mium) indicated in Fig., 2 were not studied. Conversely, refractive index date for
a nunmber of relstively low melting- or boiling-point temperature materials (e.g.,
aluminum and cobalt) are recorded in the current literature, These materials were
included in the analysis to provide sufficlient opacity parameter dats in an effort
to ascertaln any possible trends in these varisbles as functions of melting- or
boiling-point temperatures, density and atomic welght., A list of the materials
studied and their pertinent physical propertles 1ls presented in Table I.

Where sufficlent data were available, the real and imaginary parts ( n and k ),
of the refractive 1ndex are plotted against the wavelength of the incldent radia-
tion, These data are graphically illustrated for aluminum, carbon, cobalt, 1ridium,
molybdenum, palladium, platinum, silicon, titanium, and tungsten in Figs. 4 through
13, The circled points represent the wavelengths for which date are reported in
the literature (References are noted on the figures) and for which the Mie calcula-
tions were made., For niobium, rhenlum, rhodium, tantalum, and vanadium, the re-
fractive indlces are reported for only a few wavelengths, These data and the cor-
responding references are listed 1n Table II.

RESULTS OF THEORETICAIL STUDY

Effect of Wavelength, Particle Size,
and Temperature on the Opaclty Parameters

The effect of wavelength on the extinction and absorption parameters of
spherically symmetrical aluminum, carbon, cobalt, iridium, molybdenum, palladium,
platinum, silicon, titanium, and tungsten particles 1s graphically depicted in
Figs., 1k through 25. All of the data are shown for a temperature of approximately
300 K (540 R) with three exceptions: the carbon data in Fig. 15 are for a tempera-
ture of 2250 K (4050 R), and the tungsten data in Figs, 24 and 25 are for tempera-
tures of 1100 K (1980 R) and 1600 K (2880 R), respectively, The extinction and ab-
sorption parameters for a number of particle radil (from 0.01 u to 1.0 p ) are
indicgted in each figure. Values of the scattering paremeters are not presented in
the figures, However, this quantity is equal to the difference between the extinc-
tion and sbsorption parameters at any given wavelength for a specified particle
size.

A typical variation with wavelength of the extinction and absorption Cross-
sections in cm®/particle (the paremeters expressed in cnf /particle effectively



remove the dependence of these quantitles on the particle mass -- see Appendix I)

is illustrated in Fig., 26 for tungsten particles at 298 K (536 R)., Similar curves
may be obtained for the other specles studied from the plotted data since o pr
where b 1is the absorption or extinction parameter in cm /gm, p ‘the mass density

end V the particle volume,

A number of trends are evident upon examination of Figs. 14 through 26. With
reference to Fig, 26, at very small particle sizes (R = 0,01 u ) the scattering
cross-section 1s negllglble and absorption predominates. Extinctlion, in general,
increases for increased particle size, as does absorption, The relative contribu-
tion of scattering to extinction, however, lncreases at the expense of absorption
with an increase in particle size. In addition, it should be noted that.the de-
pendence of the cross-sections on wavelength is less pronounced for large particle
sizes (0.5 to 1.0 ). In Figs, 14 through 25 similar trends are observed, how-
ever, the effect of increased particle mass associated with an increase in radius
tends to make larger particles less efficient absorbers and scatterers of radiation
on s welght basis.

Mie calculations were also made for niobium, rhenlum, rhodium, tentalum, and
vanadium particles at 298 K (536 R) at selected wavelengths. Limited availability
of refractive index data precluded a more thorough investigation of these materials.
A summary of the refractive index data and calculated opacity parameters for par-
ticles of radius 0.01, 0.05, 0,10, 0,50, and 1.0 p is presented in Teble IT,

Typical examples of the variation of the extinction and absorption parameters
with particle size are illustrated in Fig. 27 for aluminum at 298 K (536 R), in
Fig. 28 for carbon at 2250 K (4050 R), and in Fig. 29 for platinum at 298 K (536 R)
at wavelengths between 0.4 and 2,0 ;. Similar data for tungsten at 298 K (536 R),
1100 K (1980 R), and 1600 K (2880 R) are presented in Figs. 30, 31, and 32 for the
same wavelengths. As in previous figures, scattering parameters are not explicitly
exhibited but may be readily inferred.

With reference to Figs. 27 through 32 in which opacity parameters are plotted
against particle radius, all the curves exhibit similar behavior in that both
opacity parameters increase with increasing particle slze at small radii, but de-
crease with increasing particle size at large radil., The maximum in the curves
shifts toward longer radii and simultaneously broadens as the wavelength is in-
creased, As indicated in the previous figures (Figs. 14 through 25), absorption
predominates for very small particles (R = 0,01 y.) and gives way to scattering
for larger particle sizes.

Refractive index data at more than one temperature were gvailsble only for
tungsten. The opacity parameters of 0,1 K -radius tungsten partlicles are plotted
as g function of temperature in Fig. 33 for three wavelengths: O.h, 1.0, and 2,0 u .
The effect of temperature on refractive index shown in Fig, 13 leads to a signifi-
cant effect of temperature on absorption and scattering in Fig. 33 only for a
wavelength of 2,0 TN



Comparison of Opaclty of Seeds
Made of Different Materials

Particles which do not combine chemically with hydrogen will be effective in
controlling radiant heat transfer in gaseous nuclear rocket englines at least up to
the temperature at which the particles melt, and probably up to the temperature
approsching that at which the particles vagporize (no information is available on
the relative opacities of liquid end solid particles made of the same material),
The effect of particle melting point on absorptlion parameter for s wavelength of
approximately 0,58 microns is shown in Fig, 34 for all materials consldered in the
preceding sections except silicon. Although the highest absorption coeffilcients
calculated in the program were obtalned using silicon (compare data in Fig, 21 with
corresponding data for other materials), no information was available which would
permit calculation of the absorption parameter for silicon for wavelengths hlgher
than 0.25 microns, However, the melting point of sllicon 1s sufficiently low
(1683 K or 2829 R) that it is not a promising material for use as a seed in gaseous
nuclegr rockets,

The superiority of carbon particles in terms of both gbsorptlion parameter and
melting-point terperature indicated in Fig, 3% is misleading for two reasons.
First, carbon sublimes at a temperature less than its melting-point temperature,
Second, it is shown 1n Ref, 1L that graphite combines readily with hydrogen at high
temperagtures to form various hydrocarbon gases, Therefore, graphite is not usable
as a seed material in gaseous nuclear rocket engines,

Of the remgining materials Investigated, tungsten has the highest melting
point (3650 K or 6570 R), although the melting point of both rhenium and tantalum
are within 400 K of the melting point of tungsten. The gbsorption parameter for
tungsten, rhenium, and tantalum are not suffilciently different to be a major factor
in the choice of one of these materlals over the other, However, the scarclty of
rhenium makes this material an unlikely prospect for use as & seed in gaseous nu-
clear rockets, Use of the next highest melting point materials (molybdenum,
niobium, and iridium) would result in a further reduction in melting point of ap-
proximately 500 K from that for tantalum.

Data on absorption paramzice for all materials except silicon are plotted as
s function of boiling poirnt in F1g, 35. The highest bolling point is that for
rhenium (5915 K or 10,550 R}, but the boiling point of both tantalum and tungsten
fall within 400 X of the boiling point of rhenium, Use of either niobium or
molybdenum in place of tantalum or tungsten would result in a reduction in boiling
polnt of approximately 500 X.

The absorption parsmeter at a wavelength of approximately 0.58 microns is
plotted as a function of mass density in Fig., 36 and as a function of atomic weight
in Fig, 37. Except for aluminum, most of the data indicate that absorption param-
eter 1s approximately inversely proportional to either mass density or atomic weight,
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LIST OF SYMBOLS

‘Mie coefficient, dimensionless

Mle coefficient, dimensionless

Absorption parameter, cm? gm'l

Extinction parameter, cm? gm-1

Scatter parameter, cm?@ gm'l

Spherical Hankel function of the second kind
Circular half-order Hankel function
Tmaginary unit = /=1

Intensity after incident beam traverses a length, L ,
of material, erg em=2 sec~l

Initial incident beam intensity, erg em=2 see-l
Spherical Bessel function

Circular half-order Bessel function

Imaginary part of the refractive index, dimensionless
Path length, cm

Real part of the refractive index, dimensionless
Relative refractive index, dimensionless

Refractive index of the particle, dimensionless
Refractive index of the medium, dimensionless

Number density of absorbing end scattering centers, em™3
Partial pressure of specles i, atm

Total pressure. atm

11
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LIST COF SYMBOLS
(Cont.)

Extinction efficiency factor = ae/vRZ, dimensionless
Particle radius, microns
Absolute temperature, deg K
Particle volume, cm3
Atomic weight, dimensionless
Weight percentage of species ¢ in condensed phases, dimensionless
Atomic number, dimensionless
Size parameter = 2mR/\, dimensionless
Wavelength of incident radiation, microns
Mass density, gm em™3
Absorption cross-section, em€ particle=l
Extinction cross-~section, e particle=l

2

Scatter cross-section, cm 1

particle~

Wave number of incident radiation, em=1



APPENDIX I
ANATLYTTCATL PROCEDURE FOR ESTIMATING THE OPACITY
OF SMALI, SPHERICAI, PARTICLES
Mie Theory

The basic Mie equations for the extinction, scattering, and absorption cross-
sections of small spherical systems are (Refs. 9 and 10):

D
e = 2"R z (2r+1) Re (ar+by) (1-1)
r=1
D
2
oy = 2IBL zmwn (1arf® + 10rf*) (1-2)
r=
Tq = J¢ —0s (1-3)

where R 1is the particle radius; @ , a size parameter; and a0, and b, , the Mie
coefficients. The symbol " Re" denotes the real part of a complex number,

The non-dimensional size parameter @ , is defined by:
a =27R/A = 27TRw (I-4)
where X is the wavelength of the incident radiation and w is the reciprocal of A
or the wave number,
The Mie coefficients are analytically represented by:
’ 7/
jir (Na) [a ir (a)] — j (@ [Na]r(Na)]

Oy = — e ' 7 7 (1-5)
r (Na) [a h,m(a)] —h.EZ)(a)[Na ir (Na)]

’ v

¢ (@ [Najr(Na)] - szr(Na)[aj,- (@ (1-6)
hy 2 a) [Nair (Na)]' - N2 jp (Na) [ah,(Z)(a)]

13



where N is the refractive index of the particle, N , relative to that of the
medium, Np ; j, ( ), a spherical Bessel function; and r¢a( ), & spherical Hankel
function of the second kind. The primes on the brackets denote differentiation
with respect to the argument of the Bessel function within the bracket:

!

[aj,(a)] = —d‘da— [aj, (a)] (1-7)

Note that the relative refractive index may be a complex nunber,

The preceding set of eguations represent a summary of Mie's formal solution to
the problem. Use of these equations is, in general, a formidable and tedious task,
Further complications arise if the relative refractive index N 1s complex since
extensive tables of spherical Bessel functions with complex arguments are not
available, Although approximate solutions for highly specialized conditions are
recorded in the literature, these are not applicable to those systems with complex
refractive indices, An excellent transformation procedure, facilitating computa-
tion, is described in Ref. 11 and is presented in the following sections.

Transformation of the Mie Equations
by the Logarithmic Derivative Method

According to Ref. 11, Egs. (I-5) and (I-6) may be transformed to a new set in
terms of logarithmic derivative functions, For arbitrary argument X , two new
functions are defined:

(2)
Pe(x) @ ddx In [x hr .(x)] (1-8)
o0 = L in [x e 0] (1-9)

Upon substitution of Egs. (I-8) and (I-9 ) into Egqs. (I-5) and (I-6) one obtains:

a = — Ie (@) oy @ —No, (Na) (1-20)

h:Z)(a) pr (@ —Nag; (Na)

1k



Since @ is always a real quantity the ratio

Iy (@) or INa) =N oy (@)
hPa | oriNa Npe (@)

br= -

(1-11)

. (2)
Jr(a)/hr (a) may be evaluated with

the aid of standard spherical Bessel functions tables or with the aid of standsrd

recursion formulas.

where
and

where

The recursion formulas are mathematically defined as follows:

The spherical Bessel and Hankel functions mgay be described in terms of the
half-order circular Bessel and Hankel functions. These are:

Jra g (@)

(2)
HH,ZL(CZ)

jp (@) = Jr/2a d”* (@)

(2) (2}
he (@) = V7/2a” Heyy (@

(2)
and  He, o (@) are the half-order functions. Jr,t (@)
are in turn defined by the following recursion equations:

Jrog @ = 2L G (@) — oy (@
2) or_y  (2) 2)
Hr+-.‘§- (@) = a Hr—é—(a) - Hr-% (a)

yla) = /2/7a@ SN a

d_%(a) = J2/ma C0S a
(2) ia
Hyta) = V2/7a i

(I-12)

(I-13)

(I-14)

(1-15)

(1-16)

(I-17)

(1-18)

15



(2) :
H.g(a) = 2/mae'a (1-19)

Substitution of Eqs. (I-14) and (I-15) into Egs. (I-12) and (I-13) respectively

gives the required recursion formulas for j.(a) and hr2 () :
i (@) = J/7/2a [ 2ra—| Jr-g (@) — Jr-3 (a)il (1-20)
(2) — (2) (2)
he (@) = Jm/2a [ 2ral Hr.1 (@) — H-3 () (1-21)

The quantities p (@) , o (@ , and o (Na) are readily evaluated by means of
the following alternate forms of Egs. (I-8) and (I-9 ):

(2)

hyy (@) :
a =z —— - 7 I-22
A (9 he2(a) a ( )
., (@
o (@) s —— - L (1-23)
e (@)
(Na)? + r(Na) o, (Na) - r?
o, (Na) = - (1-24)
rina) — (Na)” o, (Na)
where oo (Na) = COT (Na) (1-25)

If the relative refractive index is a complex quantity, then Eq. (I-25) becomes

o, (Na) = COoT(n-1ik)a (I-26)

16



where Nan-ik (1-27)

The preceding equations were used to develop e machine program which would
allow calculation of oy, 0g¢, and og in ‘em® particle™l as a function of material,
wavelength or wave number, index of refraction and particle radius, The mass
density of the materisl was also inputted as part of the program to allow deter-
mination of the opacity parameters by, be , and bg 1in em? gm™l., The opacity
parameters are given by:

by = og/pV (1-28)
be = oge/pV (1-29)
bs = og /pV (1-30)

where p 1s the mass density and v is the volume of the spherical particle of
radius R ,

17
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TABLE T

PHYSICAL PROPERTIES OF ELEMENTS CONSIDERED IN THE MIE CALCULATIONS

Data from Refs. 15 and 16

(S - Sublimes)

Melting-Point | Boiling-Point Mass n,k, be, & bg Wavelength
Seed Temperature Temperature Density Atomic | Data in Figures Range Studied
Msterial | Symbol | Deg K| Deg R|Deg K| Deg R em/cm3 lb/ft3 Weight or Tables n
Aluminum A1 932 1668 2621 4718 2.70 168 27.0 | L4, 14, 27 0.222 to 6.0
Carbon C 4200-8 | T560-S - - 2.00 125 12,0 | 5, 15, 28 0.4%0 to 4,0
Cobalt Co 1768 3182 2528 L550 8.90 555 58.9 | 6, 16 0.231 to 2,25
Iridium Ir 2727 4909 Lus50 8010 | 22.40 | 1398 192,21 7, 17 0.579 to 4,60
Molybdenum Mo 2890 5202 5100 9180 | 10.20 636 96.0 | 8, 18 0.248 to 0.577
Niobium Nb 2770 4986 5115 9207 8.55 53k 92.9 IT 0.579
Palladium Pd 1823 3281 3385 6093 | 11.97 Th7 106.% | 9, 19 10,302 to 0.578
Platinum Pt 2043 3677 3980 7164 { 21.45 | 1338 195.1 {10, 20, 29 0.25 to L.0
Rhenium Re 3453 6215 | 5915 10647 | 20.53 | 1281 186.2 IT 0.436, 0.589
Rhodium Rh | 2239 | Lo30 i39ho 7092 | 12.k4 774 | 102.9 IT | 0.546, 0.579, 0.660
Silicon si 1683 {3029 |2890 @ 5202 2.ho 151 | 28.1 !11, 21 . 0.0855 to 0.248
! Tantslum Ta 3270 5886 | 5565 10017 | 16.60 | 1036 | 181.0 II I 0.578
Titanium Ti 1963 3533 ' 3Whk ¢ 6199 | k.50 | 281 | k7.9 12, 22 L 0.1436 to 0.650
Tungsten W 3650 6570 5645 10161 | 19.30 | 1204  183.9 -13, 23, 24, 25, 0.4 to 4.0
i ; : [30, 31, 32, 33
Vanadium v 2190 i 3942 i3273 5891 5.96 372 ' 51.0 IT 0.579
; 1 ;




TABLE IT

SUBSIDIARY OPACITY PARAMETER RESULTS
Date from Ref, 17
T = 298 K (536 R)

- Wave-~ Extinction Absorption
length Refractive Parameter Parameter
A Index be bg
Element m n k m o/ gm cm?/gm
0.01 1.53x10% 1.52x10%
0.05 2.69x10M4 2,17x104
Nicbium 0.579 | 1.80 2.11 0.10 2,98x10 1.45x10%
0.50 4.83x103 1.78x103
- o 1,00 2.21x103 7.51x102
0.01 b, 45x%103 4, h1x103
0.05 1.64x10% 9.30x103
0.436 | 2.62 2.97 0.10 1.11x10H 4.18x103
0,50 1.87x103 5.69x10°
Rhenium B 1.00 8.76x10° 2,50%10°
0.01 2,25%x103 2.24x103
0.05 7.25%103 5.12x103
0.589 3.18 3.55 0.10 1,20x10 L,31x103
0.50 1.90x103 5.35x10°
1,00 8.86x10° 2,34x10
0.01 2,73x103 2,70x103
0.05 1.18x10 5.67x103
0.546 1.62 4,63 0,10 2,02x104 3,95x103
0.50 3.20x103 5.25x102
i o 1.00 1,50x103 2.35%10°
0.01 2.143x103 2.40x103
0.05 9.6L4x103 4. 90x103
Rhodium 0.579 | 1.54 L.67 0.10 2.07x104 L. 00x103
0.50 3,22x103 5.10x10°
1,00 1,51x103 2,28x10°
0.01 1.64x10° 1.63x10°
0.05 5.94x103 3.43x103
0.660 | 1.81 5.32 0.10 1.88x10% 3.83x103
0.50 3.18x103 L ,67x102
1.00 1.49x103 2,08x102
0.01 6.34x103 6.33x103
0.05 1.25x10 9.79x103
Tentalum 0.578 | 2.05 2.32 0.10 1.5Lx10% 7.04x103
0.50 2,u6x103 8.72x10°
1.00 1.13x103 3.71x102




TABLE II

(cont,)
Wave- Extinction
length Refractive Radius Parameter
A Index R be

Element Symbol J73 n I K 7 Gﬂie/gm
0.01 8.32x103
0.05 2.63x104
Vanadium v 0.579 | 3.03 3.51 0.10 4, 1hx10%
0.50 6.56x103

1.00

3,06x103

Absorption

Parameter
b&
em®/gm
8,27x103
1.83x10%
1.48x10%
1,85x103
8.10x10°




EFFECT OF RELATIVE SIZE PARAMETER ON THE EXTINCTION
EFFICIENCY FACTOR AS REPORTED IN THE LITERATURE

AND COMPARED WITH UACRL MACHINE CALCULATIONS

= 1,29 — 0.0645i

N

CURVE DETERMINED BY UACRL MACKHINE PROGRAM

THEORY PROGRAM

REF. 12
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EFFECT OF WAVELENGTH ON THE EXTINCTION
AND ABSORPTION PARAMETERS OF SPHERICAL ALUMINUM PARTICLES
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EFFECT OF WAVELENGTH ON THE EXTINCTION
AND ABSORPTION PARAMETERS
OF SPHERICAL CARBON PARTICLES
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EFFECT OF WAVELENGTH ON THE EXTINCTION
AND ABSORPTION PARAMETERS
OF SPHERICAL COBALT PARTICLES

T =298K (536 R) p = 8.90 GM/CM?
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EFFECT OF WAVELENGTH ON THE EXTINCTION
AND ABSORPTION PARAMETERS
OF SPHERICAL IRIDIUM PARTICLES
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EFFECT OF RADIUS ON THE EXTINCTION AND ABSORFTION
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EFFECT OF RADIUS ON THE EXTINCTION AND ABSORPTION
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EFFECT OF RADIUS ON THE EXTINCTION AND ABSORPTION
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EFFECT OF RADIUS ON THE EXTINCTION AND ABSORPTION
PARAMETERS OF SPHERICAL TUNGSTEN PARTICLES
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